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FOREWORD 

This  r e p o r t  was prepared by B a t t e l l e  Memorial I n s t i t u t e ,  Columbus 

Labora tor ies  under Contract  No. NAS8-30504, e n t i t l e d  " Inves t iga t ion  of Spacecraf t  

Mater ia l s  That Support Microorganism Growth" f o r  t he  George C.  Marshal l  Space 

F l i g h t  Center o f  t h e  Nat ional  Aeronaut ics  and Space Adminis t ra t ion.  

adminis tered under the  t e c h n i c a l  d i r e c t i o n  of M r .  F reder ick  J. Beyerle,  Program 

The work was . 
Monitor. The research  descr ibed  i n  t h i s  r e p o r t  was conducted during t h e  per iod  

from September 1, 1968, t o  June 30, 1970. 



ABSTRACT 

Seventeen coatings were selected as being representative of 166 such 

materials applied externally on spacecraft. 

rods and evaluated in the laboratory to determine whether they were resistant to 

microbial attack and whether nutrients from the coatings were available for the 

growth of microorganisms. All of the coatings contained nutrients suitable for 

microbial growth or allowed survival of tGo or more species studied. 

coatings, e.g., fungicide-containing varnishes, a phenolic butyrate, and a polyimide, 

appeared to be somewhat resistant to microbial attack; while epoxy, acrylic, sili- 

cone, silicate, and polyurethanes respectively, in decreasing order of resistance, 

appear to be more susceptible to attack. Microbiocide incorporation into these 

coatings was recommended for improved inhibition of microorganisms in regard to 

spacecraft sterilization and for increased protection from deterioration by micro- 

organisms. 

The coatings were applied on aluminum 

Some of the 
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SUMMARY REPORT 

on 

INVESTIGATION OF SPACECRAFT MATERIALS 
THAT SUPPORT MICROORGANISM GROWTH 

(Contract No. NAS8-30504) 

GEORGE C. MARSHALL SPACE FLIGHT CENTER 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

MARSHALL SPACE FLIGHT CENTER 
, 

from 

BATTELLE MEMORIAL INSTITUTE 
Columbus Labora tor ies  

INTRODUCTION 

The presence of *microorganisms on e x t e r n a l  coated su r faces  of unmanned 

s p a c e c r a f t  i s  undes i rab le  f o r  two reasons :  

(1) The microorganisms can  su rv ive  t h e  adverse condi t ions  of i n t e rp l ane -  

t a r y  s p a c e f l i g h t  and contaminate o t h e r  p l ane t s .  This i s  considered 

undes i r ab le  s i n c e  t h e  contaminants could be a s e r i o u s  t h r e a t  t o  

indigenous p l ane ta ry  l i f e  forms, i f  p resent .  

(2) P r i o r  t o  launch, during prolonged s t o r a g e  pe r iods ,  and following im-  

pac t  o r  landing on a p l ane ta ry  s u r f a c e ,  t h e  microorganisms could 

seve re ly  degrade spacec ra f t  materials t h a t  are not i n h e r e n t l y  resis- 

t a n t  t o  mic rob ia l  a t t a c k  and s i g n i f i c a n t l y  al ter coa t ing  performance. 

Microbial  growth and d e t e r i o r a t i o n  of materials presumes condi t ions  

f avorab le  t o  microorganisms, such as temperature,  humidity, and o t h e r  

environmental condi t ions  e 
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Coatings are appl ied  t o  ex te rna l  sur faces  of spacecraf t  f o r  var ied  reasons ,  

inc luding  pass ive  thermal c o n t r o l ,  r a d i a t i o n  p ro tec t ion ,  r ada r  r e f l e c t a n c e ,  and t o  

p r o t e c t  underlying metal s u b s t r a t e s  from chemical a t t a c k ,  ox ida t ion ,  and corrosion.  

These coa t ings  are s e l e c t e d  f o r  p a r t i c u l a r  spacecraf t  on the  b a s i s  of  labora tory ,  and 

s o m e t i m e s  f l i g h t ,  d a t a  i n  which some i n d i c a t i o n  of t h e i r  a b i l i t y  t o  withstand and 

perform i n  t h e  space environment i s  obtained. I n  a d d i t i o n  t o  s p e c i a l  requirements 

f o r  each a p p l i c a t i o n ,  such as o p t i c a l  o r  , e l e c t r i c a l  p r o p e r t i e s ,  t h e s e  coa t ings  must 

have exce l l en t  adhesion, s t a b i l i t y  t o  hea t  and r a d i a t i o n  f luxes ,  and r e s i s t a n c e  t o  

e ros ion  from r a i n  d r o p l e t s  o r  atmospheric p a r t i c l e s .  

Coating materials f o r  spacecraf t  can be categorized as fol lows:  (1) metals, 

(2) inorganic  compounds, and (3)  organic  and semiorganic compounds. Those coa t ings  

which are f u r t h e r  descr ibed as p a i n t s  were t h e  sub jec t  of  t h i s  r e sea rch  program. By 

d e f i n i t i o n ,  var ious  types  of p a i n t s  may f i t  i n t o  each of t he  above ca tegor ies .  A 

l i s t i n g  of ind iv idua l  p a i n t  coa t ings  used on spacecraf t  i s  long indeed, consider ing 

p a s t  veh ic l e s  o r  ones now being used o r  intended f o r  use :  

Orb'it i n g  

ATS 1-111 
Discoverer 
Echo 
Explorer I -XVII 
Geos 
Nimbus 
OAO 
os0 1-111 
OGO 
Pegasus 1-111 
POGO 
samos 
Ti ro  s 
Trans it 
Vanguard 

Deep Space and 
Lunar Orbi t ing  Manned 

IMP Apollo 
Lunar Orb i t e r s  I & I11 Gemini 
Mariner I - I V  Mercury 
os0 1-111 MOL 
Pioneer MORL 
Ranger-Mariner Sky Lab 
S urvey o r 
Voyager 
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I n  t h i s  s tudy,  t hose  p a i n t  coa t ings  used only  on unmanned, o r b i t i n g ,  and deep space 

v e h i c l e s  were considered. 

A " typica l"  i n t e r p l a n e t a r y  spacec ra f t  might have, depending on i t s  mission,  

t h e  following coated components: 

Antenna .- low a / E p a i n t  

Experimental sensors  - low aS/E p a i n t  

Exposed e l e c t r o n i c  componenfs - black  p a i n t  

Thermally i s o l a t e d  booms .. black  p a i n t  w i th  aluminum f o i l  

Sun senso r s  - vacuum-deposited aluminum 

I s o l a t i o n  covers - aluminum mylar m u l t i l a y e r  

I s o l a t i o n  band - aluminum mylar o r  polyimide mul t i l aye r  

Equipment p l a t fo rm - aluminum honeycomb w i t h  high emit tance bottom 

E t c .  

S 

Only e x t e r n a l l y  appl ied  p a i n t  coa t ings  were eva lua ted  i n  t h i s  study. 

A l l  o rgan ic  materials can be s u s c e p t i b l e  t o  a t t a c k  by microorganisms. Many 

inorganic  materials such as m e t a l  a l l o y s  con ta in  t r a c e  amounts of metal salts which 

when leached ou t  can provide e s s e n t i a l  minera l  elements t h a t  may s t i m u l a t e  microbia l  

growth. Thus, a combination of o rgan ic  and ino rgan ic  materials, such as those  found 

on e x t e r n a l  s u r f a c e s  of s p a c e c r a f t ,  can  provide ample n u t r i e n t s  and e s s e n t i a l  elements 

for microb ia l  growth. Furthermore, p a r t i c u l a t e  n u t r i e n t s  i n  t h e  form of d u s t ,  p o l l e n ,  

microbia l  spo res ,  e t c . ,  can se t t le  on t h e s e  su r faces  and a l s o  provide n u t r i e n t s  t o  

support  growth. 

humidity can cause water condensat ion on spacec ra f t  su r f aces  p r i o r  t o  launch. Pooling 

of t h e  condensate water w u l d  tend t o  concent ra te  water-soluble  n u t r i e n t s  i n  l o c a l i z e d  

s p o t s  on t h e  spacec ra f t .  I f  t h e  spacec ra f t  i s  exposed be fo re  launching t o  t h e  open 

atmosphere, r a i n f a l l  and dew would tend t o  accelerate t h i s  process.  

Diurna l  meteoro logica l  and o t h e r  f l u c t u a t i o n s  of temperature and 
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It is important  t o  no te  t h a t  seldom i s  a s i n g l e  f a c t o r  r e s p o n s i b l e  f o r  

f a i l u r e  of t h i s  type  of material. I n v a r i a b l y ,  t h e  combined e f f e c t s  of many adverse  

f a c t o r s  must be taken  i n t o  account. 

Microbial  contaminat ion of p l a n e t s  and o t h e r  cosmic bodies i s  of concern t o  

t h e  U. S. space e x p l o r a t i o n  program because t h e s e  contaminants may be  pa thogenic  t o  

o r  may have adverse  e f f e c t s  on e x t r a t e r r e s t r i a l  l i f e  forms, as w e l l  as provid ing  a 

p o t e n t i a l  hazard t o  man i n  t h e  form of mutants of t h e  contaminants. 

contaminants could  w e l l  r e s u l t  i n  f a l s e - p o s i t i v e  i n d i c a t i o n s  of t h e  presence  of e x t r a -  

Add i t iona l ly ,  
, 

terrestrial l i f e  i n  e a r l y  s t a g e s  of p l ane ta ry  exp lo ra t ion .  These cons ide ra t ions  are 

t r u e  whether a contaminant i s  borne e x t e r n a l l y  o r  i n t e r n a l l y ,  s i n c e  t h e  p o s s i b i l i t y  

of a space vehicle wreck by impaction on p l ane ta ry  su r faces  i s  not unexpected and, 

i n  f a c t ,  sometimes planned. The microorganisms on ex te rna l ly -app l i ed  p a i n t s  probably 

c o n s t i t u t e  a s m a l l  p ropor t ion  of t h e  t o t a l  microbia l  load  of spacec ra f t .  

A cons ide rab le  technology has  developed from a t tempts  t o  minimize o r  e l i m i -  

n a t e  microorganisms from p l a n e t a r y  and deep space probes,  e s p e c i a l l y  t h o s e  t h a t  may 

impact. Dry heat, au toc lav ing ,  exposure t o  e thylene  oxide ,  and t o  mixtures  of gases  

such as methyl  bromide/ethylene oxide ,  o r  combinations of t h e s e  t r ea tmen t s  f o r  com- 

ponent par t s ,  have been used i n  " s t e r i l i z i n g "  space veh ic l e s .  

i n  u l t r a - c l e a n ,  n e a r l y  steri le rooms i s  another  technique used t o  minimize mic rob ia l  

and o t h e r  t ypes  of contamination. 

Assembly of s p a c e c r a f t  

Microbia l  contaminants w i t h i n  a space v e h i c l e  can r e s u l t  i n  d e t e r i o r a t i o n  

of most o rgan ic  materials and can become an undes i r ab le  p a r t i c u l a t e  l oad  wi th  r e s p e c t  

t o  e l e c t r o n i c  and mechanical equipment and s i m i l a r l y  t o  man i n  la ter  manned space 

probes. The r e s e a r c h  r e p o r t e d  he re  on t h e  microbiology of e x t e r n a l  s p a c e c r a f t  p a i n t  

coa t ings  could be  extended and app l i ed  t o  a l l  materials used i n  s p a c e c r a f t .  
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A further technique for minimizing microbial populations aboard spacecraft 

is the use of materials that would not support the growth of microorganisms and that 

might even be inhibitory to them. This is one of the long-range aims of this program. 

Although ambient temperature, humidity, and gas composition of the atmos- 

phere within a space vehicle are controlled within established required limits, these 

variables may fluctuate widely in niches throughout the vehicle, and to some extent 

on external painted surfaces. This may be,due to the inaccessibility or remoteness 

of some areas to environmental control mechanisms and to brief moments of aerodynamic 

heating. 

pooling or accumulation of water. 

microorganisms can become established with a resultant microbial load of undesirable 

proportions. This sequence could be controlled to some extent by engineering design, 

i.e., minimizing the niches-and microenvironmental fluctuations. However, minimizing 

nutrients in paint formulations or use of paints with microbiocidal properties is a 

more convenient and more promising approach. 

available for imparting microbiocidal properties. 

would be used in selecting these microbiocides are very low volatility or low-vapor 

pressure, lack of corrosiveness, and very low human toxicity. Microbiocide incorpora- 

tion into selected polymers is a logical follow-on program to the research reported 

here. 

Fluctuations in temperature and humidity can result in condensation and 

Thus, a microclimate suitable for the growth of 

A wide range of effective agents is 

Three of the many criteria that 
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OB- CTIVE S 

The primary o b j e c t i v e s  of t h i s  program w e r e  t o :  

Survey comprehensively t h e  l i t e r a t u r e  on p a i n t  coa t ings  now used ex- 

t e r n a l l y  on s p a c e c r a f t  su r f aces  and those  experimental  coa t ings  t h a t  

are leading  candida tes  f o r  t h i s  a p p l i c a t i o n ;  summarize t h e  a v a i l a b l e  

p h y s i c a l  and chemical d a t a  on t h e s e  coa t ings ;  and summarize t h e  a v a i l -  

a b l e  informat ion  on t h e s e  coa t ings  f o r  t h e i r  a b i l i t y  t o  support:growth 

o r  t o  i n h i b i t  t h e  growth of microorganisms. 

Evaluate  s e l e c t e d  spacec ra f t  p a i n t  coa t ings  i n  l abora to ry  s t u d i e s  f o r  

t h e i r  growth-supporting o r  b i o c i d a l  p r o p e r t i e s  using s e l e c t e d ,  r ep re -  

s e n t a t i v e  s t r a i n s  of b a c t e r i a  and fungi .  

I n  agreement wi th  NASA, o b j e c t i v e s  concerned wi th  chemical i d e n t i f i c a t i o n  of 

coa t ing  e x t r a c t a b l e s  and recommendations f o r  formula t ion  changes were omit ted from 

t h i s  program. 

c l o s e l y  he ld  by t h e  i n d i v i d u a l  supp l i e r s .  

Th i s  w a s  p r i m a r i l y  because coa t ing  formula t ions  are p r o p r i e t a r y  and are 

PROGRAM DESCRIPTION 

The two phases of t h e  program were emphasized as requ i r ed  i n  c o n s u l t a t i o n  

w i t h  and wi th  t h e  approval  of t h e  NASA t e c h n i c a l  monitor. Minimal in format ion  w a s  

a v a i l a b l e  from t h e  s c i e n t i f i c  l i t e r a t u r e  on t h e  n u t r i e n t s  o r  b ioc ides  i n  spacec ra f t  

coa t ing  materials. A s  a r e s u l t ,  less e f f o r t  w a s  r equ i r ed  i n  Phase I ( l i t e r a t u r e  

survey) and w e  proceeded almost immediately t o  Phase I1 ( labora tory  eva lua t ion ) .  

Subsequent phases w i l l  depend upon f u r t h e r  NASA funding. 
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PHASE I. LITERATURE SURVEY 

P a i n t  coa t ings  u t i l i z e d  on e x t e r n a l  su r f aces  of spacec ra f t  are enumerated 

i n  a wide v a r i e t y  of sources  inc luding  s u p p l i e r ' s  d a t a  shee t s .  

o f f s  f o r  va r ious  r easons ,  inc luding  f lammabil i ty  and r a d i a t i o n  r e s i s t a n c e ,  are con- 

t i n u a l l y  made t o  meet r e v i s e d  s p e c i f i c a t i o n s  o r  t o  improve material performance i n  

t h e  space environment. Data concerning t h e  p a i n t  coa t ings  c u r r e n t l y  used i n  space 

v e h i c l e s  were summarized i n  a standardized format, as shown i n  F igure  1. 

i d e n t i f i c a t i o n  of each material i s  important s i n c e ,  f o r  example, t h e  s l i g h t e s t  modi- 

f i c a t i o n  of a coa t ing  formula t ion  or metal a l l o y  might r e s u l t  i n  a d r a s t i c a l l y  changed 

rate of n u t r i e n t ,  m e t a l  s a l t ,  o r  microbiocide release. 

S u b s t i t u t i o n  o r  t r a d e -  

P r e c i s e  

Computer searches  based on formal work d e s c r i p t o r s  (standard vocabulary) 

as w e l l  as an informal  d e s c r i p t i o n  of t h e  sub jec t  matter were reques ted  from Defense 

Documentation Center,  Alexandria ,  V i r g i n i a ,  and from t h e  Machine Search Branch, NASA, 

S c i e n t i f i c  and Technical  F a c i l i t y ,  College Park, Maryland. Descr ip t ions  and composi- 

t i o n s  of spacec ra f t  materials and techniques f o r  t h e i r  study i n  t h e  proceedings of 

t h e  Socie ty  of Aerospace Material and Process Engineers (SAMPE) w e r e  s tud ied  f o r  

a p p l i c a b i l i t y  t o  t h i s  program. Information w a s  a l s o  sought in formal ly  from t h e  

Defense Metals Information Center,  Defense Ceramics Information Center,  and t h e  

Radia t ion  E f f e c t s  Information Center loca ted  a t  Battelle-Columbus. Add i t iona l ly ,  

s c i e n t i s t s  and engineers  a t  Battelle-Columbus engaged i n  aerospace r e sea rch  were 

quer ied  f o r  p e r t i n e n t  in format ion  and advice. 

Sources of microbio logica l  information on t h i s  sub jec t  on hand included 

b ib l iog raph ies  from P l a s t e k  a t  P ica t inny  Arsena l ;  t h e  now defunct Prevent ion  of 

D e t e r i o r a t i o n  Center ;  t h e  American Chemical Soc ie ty ,  Div is ion  of Rubber; t h e  U. S. 

Naval Gun Fac to ry ;  and t h e  Nat iona l  Bureau of Standards. 

a b s t r a c t i n g  sources  were a l s o  consulted.  

The o t h e r  more usua l  
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Coatings : 

Trade name: 

Source : 

Chemical nature of formula: 

Substrate : 

Thickness, mils: 

Solar absorptance at 530" R (as): 
, 

Hemispherical emittance at 530" R (%): 
Absorptance - emittance ratio (wS/EH) : 

Thermal stability: 

Abrasion resistance: 

Reflectance (color) stability: 

.Electrical properties: 

Radiation resistance : 

Flexibility (bend) test : 

Adhesion : 

Reliability and reproducibility: 

Effect on microorganisms: 

Comments : 

References : 

Figure 1. Format for Summary of Information Available on Paint Coatings 
Applied Externally on Spacecraft - Physical, Chemical and 
Microbiological Properties 
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The DDC 1498 d a t a  bank and t h e  Science Informat ion  Exchange, Sni thsonian  

I n s t i t u t i o n  w e r e  quer ied  t o  i d e n t i f y  manufacturers  c u r r e n t l y  a c t i v e  i n  developing and 

formulat ing p a i n t  coa t ings  used e x t e r n a l l y  on spacec ra f t .  

These sea rches  r e s u l t e d  i n  i d e n t i f i c a t i o n  of 166 coa t ings  t h a t  have been 

used o r  eva lua ted  f o r  u se  on spacec ra f t .  The most commonly used coa t ings  w e r e  found 

t o  be s i l i c o n e s  and silicates. The summarized d a t a  r e s u l t e d  i n  an unscheduled NASA 

p u b l i c a t i o n  . * . 
Only f o u r  coa t ings  of t h i s  l a r g e  group had a p p l i c a b l e  mic rob io log ica l  

information, and t h i s  w a s  s can t .  Three coa t ings  contained fungic ides  and one o t h e r  

w a s  r epor t ed ly  "non-nutrient" when i n  contac t  wi th  f o u r  spec ie s  of fungi .  No suppor t ing  

mic rob ia l  exposure d a t a  o f  any type  w a s  found. 

From t h e  l i s t i n g  of 166 coa t ings ,  seventeen were s e l e c t e d  f o r  l abora to ry  

eva lua t ions  wi th  microorganisms. 

ure thanes  ( 3 ) ,  s i l i c o n e s  ( 2 ) ,  s i l i c a t e s  ( 2 ) ,  epoxies ( 2 ) ,  a c r y l i c s  (2) , a phenol ic -  

Included i n  t h i s  group w e r e  va rn i shes  ( 4 ) ,  poly-  

b u t y r a t e ,  and a polyimide. Three of t h e  fou r  va rn i shes  contained fung ic ides  i n  un- 

s p e c i f i e d  amounts. No o t h e r  coa t ings  w e r e  known t o  con ta in  microbiocides .  

are descr ibed  i n  more d e t a i l  i n  t h e  fol lowing s e c t i o n  of t h i s  r e p o r t .  

The coa t ings  

PHASE 11. MT.CROBIOLOGICAL EVALUATION 

The mic rob io log ica l  eva lua t ions  were made by fou r  techniques which t a k e  

i n t o  account Government s p e c i f i c a t i o n  requirements  w i th  respect t o  t h e  r e s i s t a n c e  of 

materials t o  microorganisms; as w e l l  as t h e  e x t r a c t a b l e  n u t r i e n t  o r  b i o c i d a l  c o n s t i -  

t u e n t s  t h a t  may be  leached o u t  and concentrated during t h e  random c y c l e s  o f  condensa- 

t i o n ,  accumulation, and dry ing  on materials su r faces .  

* Mayer, R. A., Zar ing ,  M. L. ,  and Kemp, H. T.,  " Inves t iga t ion  of Spacec ra f t  Coatings", 
NASA CR-61267 (February,  1969). 



Materials and Methods 

The p a i n t  coa t ings  were obtained d i r e c t l y  from t h e  manufacturers  o r  

s u p p l i e r s  and app l i ed  i n  t h e  l abora to ry  t o  3/8-inch d iameter ,  I r i d i t e - t r e a t e d  6061-T6. 

aluminum rods  (5 i n .  long).  The r o d s  were radius-rounded t o  avoid t h e  so -ca l l ed  

"edge e f f e c t "  t h a t  occurs  on specimens wi th  square edges,  i .e . ,  c o a t i n g s  tend t o  be  

somewhat t h i n n e r  at t h e  sha rpe r  edges of some types  of specimens. 

numbers, i d e n t i f i c a t i o n ,  and a summary o f - t h e  d a t a  taken  during and after prepara-  

t i o n  of t h e  coa ted  rod specimens are presented  i n  Table  1. A s  noted i n  t h e  t a b l e ,  

two coa t ings  were app l i ed  by t h e  s u p p l i e r  (N-3 and N-17) and two coa t ings  (N-16 and 

N-17) were app l i ed  t o  non-treated 6060mT6 aluminum rods.  

methyl e t h y l  ke tone  p r i o r  t o  a p p l i c a t i o n  of t h e  coa t ings .  

of a p p l i c a t i o n  w a s  o r d i n a r i l y  employed although some coa t ings  were sprayed as noted 

i n  t h e  t a b l e .  Although coa t ing  procedures were f a r  from being a s e p t i c ,  an  a t tempt  

was made t o  minimize handl ing  and a l l  handl ing w a s  done wi th  c l e a n  wh i t e  g loves .  

A f t e r  cu r ing ,  t h e  coated rods  were i n s e r t e d  i n t o  neoprene s toppe r s ,  f i t t e d  wi th  

"breather tubes"  and s t o r e d  i n  g l a s s  b o t t l e s  as shown i n  F igure  2. 

b o t t l e s  w e r e  s t e r i l i z e d  b e f o r e  t h e  specimens w e r e  mounted. Four specimens w e r e  in- 

s e r t e d  i n t o  each stopper.  S torage  i n  t h i s  manner l imi t ed  a i rbo rne  m i c r o b i a l  and d u s t  

contaminat ion and probably allowed f u r t h e r  cur ing  u n t i l  u t i l i z e d  i n  t h e  v a r i o u s  

mjcrobio logica l  experiments. Addi t iona l  specimens were a l s o  included i n  most o f  t h e  

experiments. These are l i s t e d  i n  Table  2. 

Assigned code 

All rods  w e r e  c leaned  w i t h  

A f i l l - a n d - d r a i n  method 

Stoppers  and 

The rod  specimens w e r e  c leaned and s t o r e d  as shown i n  Table  2 f o r  t h e  

coated rods.  

by means of 2-inch chrome-plated metal screws. 

The honeycomb specimens were mounted s i n g l y  on t h e  neoprene s t o p p e r s  



TABLE 1. SUMMARY OF DATA ON PREPARATION OF COATED ALUMINUM 
ROD SPECIMENS FOR MICROBIOLOGICAL EVALUATION 

Viscos i ty ,  cps 
V i s  come ter  A f t e r  

(dl Thickness, Hardness 
(b) m i l s  Penc i l  Rat ing Comments 

Code Coating Spindle  A s  Coating 
No. Type Number (a) Received Opera t i o n  Cure 

N- 1 

N-2 

N-3 

N-4 

N- 5 

N- 6 

N- 7 

N- 8 

N- 9 

Varnish (alkyd) 3 130 145 RT 1.0(1) 

Varnish 3 
(p-phenyl phenol 
aldehyde) 

L i -Al - s i l i ca t e  -- 

Polyurethane 3 

Acry l i c  3 

A c r y  1 i c  3 

EPOXY 3 

EPOXY 3 

Pheno 1 i c  - 1 
bu ty ra t e  

"" 

102 RT 0 . 5 0 )  

8.0 

80 1720 RT 3 .O (2) 

560(e) 520 RT 3 .O (2) 

240(e) 330 RT 2.0(2) 

100 180 RT 3.0(2) 

210(e) 230 RT 4.0(2) 

17 19 RT overnight  0.5 (3) 
and 45 min. 
a t  250 F 

2B 

2B 

4 

2H 

HB 

2B 

B 

F 

B 

4H 

5 Contained a c t i v e  so lvent .  
Attempts t o  apply two 
coa t s  r e s u l t e d  i n  fo r -  
mation of bubbles and 
b l i s t e r s .  Varnish con- 
ta ined  fungicide.  

5 Contained a c t i v e  so lvent .  
Attempts t o  apply two - 
coats  r e s u l t e d  i n  for-- c 
mation of bubbles and 
b l i s t e r s .  Varnish con- 
t a ined  fungic ide .  

10 Applied t o  rods by 
supp l i e r .  Water s ens i -  
t ive .  Conductive coat ing.  

7 Fungus res is t a n t  

6 Conductive coa t ing  

12 Conductive coa t ing  



TABLE 1. (CON’T) 

Viscos i ty ,  cps 

(d) 
Viscometer A f t e r  

Thickness (‘) Hardness 
(b) m i l s  Penc i l  Rat in7 Comments 

Code Coating Spindle  A s  Coa t ing 
No. Type Number (a) Received Opera t i o n  Cure 

N - 1 0  (Melamine-alkyd 3 80 84 1st coa t  2 1.5(2) B 6 
Varnish 

mod i f  ied)  h r s  a t  200F, 
- -  

2nd coa t  5 h r s  
a t  200F 

N - 1 1  Varnish 3 110 124 (same a s  above) 1.5(2) 
(Melamine-alkyd 
modified) 

N-12 Polyimide 3 200 (e) 200 1st coa t  15 0.5(2) 
min. a t  350F, 
2nd coa t  15 
h r s  a t  350F 

N - 1 3  S i l i c o n e  

N-14 Polyurethane 

N-15 Polyurethane 

N-16 AlSi04- 
K2Si02 

2 

3 

3 

2 

225 325 RT overnight  2.0(2) 
and 90 min. 
a t  450F 

3H 11 

3H 11 

3H 11 

Fungicide added 

- s  

- -  zoo ”- RT 3.5(2) (f) SH 13 

660(e) 740 RT 6.5(2) (f) HB 7 Conductive coa t ing  

130 135 200F f o r  1 7 .O (3) B 6 
h r  a f t e r  each 
coa t ing  

Applied a s  spray  

N-17 S i l i c o n e  (g) -- -- -- RT 10.0 S o f t e r  < 1 Applied a s  spray  
than 6B by s u p p l i e r  

-~ ~ ~ ~~ - 

(a) 
fb )  RT - room temperature 
(c) Numbers i n  pa ren thes i s  r e f e r s  t o  number of coa t ings  appl ied .  
(d) Penc i l  hardness was r a t e d  by penc i l  and number, No. 1(6B), s o f t ,  t o  No. 17(9H) hard.  

Brookfield Model LVT (low v i s c o s i t y  tester) wi th  sp ind le  speed a t  60 rpm i n  a l l  cases .  

Rat ing 1 2 3 4 5 6 7 8 9 10 11 12 13 14  15 16 17 
Penc i l  6B 5B 4B 3B 2B B HB F H 2H 3 H  4H 5H 6H 7H 8 H  9H 
Viscos i ty  ad jus t ed  by recommended so lven t .  

Applied t o  nont rea ted  aluminum rods.  

(e) 
( f )  And primer 
(g) A l l  o t h e r s  app l i ed  t o  I r i d i t e - t r e a t e d  aluminum rods.  
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Figure 2. Specimens and Container Jar for 
Storage and High Humidity Study 
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TABLE 2. METAL SUBSTRATES AND HONEYCOMBS EVALUATED 

Code Number Type of Specimen 

N-18 

N-19 

N-20 

N-21 

N-22 

' N-23 

N-24 

. 
(a) Stainless steel, Type 304 

6061-T6 alum€num, Iridite-treated 

6061-T6 aluminum 

(a) 

(a) 

2024-T3 aluminum sheet, 5052-001 
aluminum core (b) 

Prepregnated fiberglass sheet, 
5052-001 aluminum core(b) 

Prepregnated fiberglass sheet, 
heat-resistant phenolic core(b) 

-T3 aluminum sheet, heat- 
resistant phenolic core(b) 

~ _ _ _  ~~ 

(a) Radius-rounded 3/8-inch diameter, 5 inches long 

(b) Honeycombs, 1 in. x 1 in. x 4 in. specimens with sheet 
on 2 sides and honeycomb core in between 
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The mic rob io log ica l  procedures employed i n  t h e s e  eva lua t ions  were as fo l lows:  

(1) Ex t rac t  S tud ie s  

a. Water e x t r a c t s  w e r e  prepared from a l l  specimens by immersion i n  s te r i le  

d i s t i l l e d  water ( 1  x 10 ohms r e s i s t a n c e )  and r o t a r y  a g i t a t i o n  (120 rpm) a t  

60 C f o r  96 hours.  The area e x t r a c t e d  f o r  t h e  coated rods  and m e t a l  sub- 

6 

strates w a s  approximately 100 sq cm p e r  200 m l  of w a t e r .  

area o f  t h e  honeycomb materials w a s  unknown. A 2 X  concen t r a t ion  of t h e  ex- 

The e x t r a c t i o n  . 
t r a c t s  was  prepared by immersing extract con ta ine r s  i n  a mixture  of dry ice 

and ace tone  u n t i l  approximately one-half of t h e  e x t r a c t  w a s  f rozen .  

unfrozen remainder w a s  decanted and eva lua ted  as a 2X concent ra te .  S t e r i l e  

N a C l  s o l u t i o n  was  added t o  those  e x t r a c t s  t o  approximate phys io log ica l  

s a l i n e  (0.85 pe rcen t  NaC1). A l l  subsequent d i l u t i o n s  ( l : lO,  1:lOO) w e r e  

made w i t h  phys io log ica l  s a l i n e .  

(X) e x t r a c t  w a s  made by means of a s tandard  pH meter equipped wi th  a micro- 

e l e c t r o d e .  

Microbio logica l  eva lua t ions  were made i n d i v i d u a l l y  i n  t e s t  t ubes  wi th  t h r i c e -  

washed cells of Pseudomonas aeruginosa ,  Aspe rg i l l u s  n i g e r ,  Cladosporium 

r e s i n a e  forma avellaneum, and Bac i l lu s  s u b t i l i s  var  g l o b i g i i  (vege ta t ive  

c e l l s ) .  

by c e n t r i f u g a t i o n ,  decant ing ,  and resuspending cells i n  phys io log ica l  s a l i n e .  

Ten m l  a l i q u o t s  of t h e  e x t r a c t s  were inocula ted  wi th  s u f f i c i e n t  numbers of 

The 

Determination of t h e  pH of t h e  und i lu t ed  

b. 

The cells were washed wi th  s ter i le  phys io log ica l  s a l i n e  t h r e e  t i m e s  

cells  conta ined  i n  0.1 m l  t o  r e s u l t  i n  a f i n a l  cel l  concen t r a t ion  of 1000- 

2000 cells/ml i n  t h e  10 m l  of e x t r a c t .  

throughout t h i s  procedure. E s t i m a t e s  of c e l l  popula t ions  i n  t h e  inocu la  w e r e  

made f o r  t h e  b a c t e r i a  by p l a t e  counts of s m a l l  a l i q u o t s  whi le  ho ld ing  t h e  

Asept ic  techniques were used 
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main volume of inoculum under r e f r i g e r a t i o n .  

made by means of hemocytometer counts,  A f t e r  i nocu la t ion ,  t h e  e x t r a c t s  

were incubated a t  30 C f o r  varying per iods  of t i m e  and fungal  growth rates 

w e r e  determined v i s u a l l y ,  i f  p o s s i b l e ,  o r  by p l a t e  counts i f  growth could 

not be seen. 

counts w e r e  t h e r e f o r e  conducted on e x t r a c t s  i nocu la t ed  with pS. aeruginosa 

a f t e r  4 days of i ncuba t ion  and J3, s u b t i l i s  var g l o b i a i i  a f t e r  10 days of 

incubat ion .  

avellaneum were made during 4 consecut ive weeks of incubation. A t  t h e  con- 

c l u s i o n  of t h e  4 t h  week of incubat ion ,  a l l  e x t r a c t s  wi th  no apparent fungal  

growth were p l a t e d  o u t  t o  determine whether v i a b l e  cells  of t h e  fungal  

spec ie s  had survived. 

Fungal cel l  estimates w e r e  

Bacterial growth could not  be seen  and r a t e d  v i s u a l l y .  P l a t e  

Visual  r a t i n g s  of growth of A. n i v e r  and C. r e s i n a e  forma 

(2)  P e t r i  Plate  S tud ie s  

P e t r i  p l a t e  exposures of coated rods  were conducted according t o  Method 6091 
* 

of Fede ra l  Test Method Standard No 406 w i t h  t h e  fol lowing modi f ica t ions :  

a. Large p l a s t i c  p e t r i  p l a t e s  (150 mm d i a . )  were used t o  accommodate t h e  5-inch 

long rod  specimens. 

Visua l  observa t ions  were made weekly f o r  1 month r a t h e r  than  21 days. 

A n u t r i e n t  medium (po ta to  dex t rose  aga r )  w a s  used i n  a d d i t i o n  t o  t h e  

s p e c i f i e d  minera l  sa l t s  medium. 

B r i e f l y ,  t h e  procedure cons i s t ed  of spray- inocula t ing  a mixed fungal  inocu- 

b. 

C. 

lum of A. n i g e r ,  4. f l a w s ,  Pen ic i l l i um funiculosum, and Trichoderma sp. on t h e  rod  

specimens which had been placed on g e l l e d  aga r  su r faces  i n  p e t r i  p la tes .  The mixed 

inoculum w a s  washed t h r e e  t i m e s  p r i o r  t o  i n o c u l a t i o n  wi th  d i s t i l l e d  water t o  minimize 

* Anon. 1961. P l a s t i c s :  Methods of Testing.Federa1 T e s t  Method Standard No .  406. 
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n u t r i e n t  carryover  from s t o c k  c u l t u r e s .  A s t e r i l e  minera l  s a l t s  s o l u t i o n  was used t o  

resuspend t h e  inoculum. Est imates  of spore  numbers (approximately 1 x 10 ce l l s /ml)  
6 

were made by means of  a hemocytometer. Incubat ion temperature was 30 C f o r  t h e  

4-week incubat ion per iod.  

(3) High Humidity Evaluat ion 

The technique followed is  o u t l i n e d  i n  MIL-E-5272(ASG) but  w i t h  t h e  fol lowing . 
mod i f  i c a  t ions  : 

a .  The mixed inoculum was prepared and washed i n  a manner i d e n t i c a l  t o  t h a t  

descr ibed above f o r  t h e  p e t r i  p l a t e  s t u d i e s .  

b .  The fungal  spore  suspension was passed through a double thickness  of  

s t e r i l e  c o t t o n  gauze t o  remove mycel ia l  fragments. 

4 c. A c a l i b r a t e d  spore  suspension conta in ing  approximately 1 x 10 fungal  ce l l s  

was used t o  spray-inoculate  (No. 82 Devi lbis  atomizer) t h e  8 specimens of 

each coa t ing  type included i n  t h e  experiment. 

B r i e f l y ,  t h e  technique involved spraying a mixed inoculum of A.  t e r r e u s ,  

Memnoniella echina ta ,  Myrothecium ve r ruca r i a ,  and 2.  c i t r inum on two sets (8) of 

rod specimens. The i n c u l a t e d  specimens were then placed i n  j a r s  a s  shown i n  Figlire 2 

and incubated a t  30+2 C and 95k6 percent  RH f o r  28 days a t  which time t h e  specimens 

were examined f o r  fungal  growth. 

( 4 )  S o i l  Bur ia l  Exposure 

This  eva lua t ion  was conducted a s  descr ibed i n  Method 5762 o f  Federa l  Specif-  

i c a t i o n  CC+19lb (1951) wi th  no s i g n i f i c a n t  modi f ica t ions  and two eva lua t ion  pro- 

cedures  t o  determine coa t ing  changes, namely, p e n c i l  hardness and e l e c t r i c a l  resis- 

tance measurements. P e n c i l  hardness was determined wi th  a series of drawing p e n c i l s  of 
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graded hardness  ( see  Table 1 )  by sc ra t ch ing  a coating su r face  u n t i l  t h e  ha rdes t  p e n c i l  

no t  pene t r a t ing  t h e  coa t ing  w a s  found. This procedure was  s a t i s f a c t o r y  f o r  most 

coa t ings ,  bu t  N-17  ( a  s i l i c o n e )  was too  s o f t  t o  be measured i n  t h i s  manner. The 

e l e c t r i c a l  r e s i s t a n c e  measurement w a s  t aken  by means of a Model 602 Electrometer  w i th  

two a l l i g a t o r  c l ip -wi re  l e a d s ,  one t o  t h e  b a r e  end of t h e  coated aluminum rod under 

test and t h e  o t h e r  t o  t h e  s i d e  of t h e  s t a i n l e s s  steel conta iner  i n  which t h e  s o i l  bed 

was contained. 

i n i t i a l l y  and a f t e r  1, 2, 3, 4 ,  and 6 months of exposure. Notes on v i s i b l e  changes 

P e n c i l  hardness  and e l e c t r i c a l  r e s i s t a n c e  measurements w e r e  taken  

of t h e  coa t ings  were a l s o  taken  during t h e  exposure period. 

Scanning e l e c t r o n  microscopy (SEM) was employed t o  examine those  coa t ings  

which had sof tened  a f t e r  s o i l  b u r i a l  exposure o r  which had s i g n i f i c a n t  l o s s  of elec- 

t r i c a l  r e s i s t a n c e  a f t e r  4 t o  6 months of exposure. One set of each type  of coated r o d s  

w a s  a l s o  sub jec t ed  t o  c leaning  o r  " c a v i t a t i o n  erosion" by exposure t o  f r e s h  t a p  water 

at  22 kH f o r  15 seconds a t  39 C i n  a Blackstone Model 1.9 ul t rasound c leaner .  Appro- 

p r i a t e  nonexposuredand ul t rasound-cleaned c o n t r o l  specimens were a l s o  examined f o r  

comparison. 

The microorganisms used i n  t h e s e  s t u d i e s  were as follows: 

(a )  Organism Code No. 

Aspe rg i l l u s  f l a v u s  

Aspe rg i l l u s  n ipe r  

QM 380 

QM 386 

Aspe rg i l l u s  t e r r e u s  ATCC 10690 (QM-82-J) 

Bac i l lu s  s u b t i l i s  va r  n ige r  BMI-2 

Cladosporium r e s i n a e  forma 
avellaneum 

BMI-29 

Clostridum sporogenes ATCC 11437 
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(a) Orqanism Code No 

Memnoniella ech ina ta  ATCC 9597 

Myrothecium v e r r u c a r i a  ATCC 9095 

Pen ic i l l i um c i t r inum ATCC 9840 

Pen ic i l l i um funiculosum QM 391 

Pseudomonas aeruginosa BMI- 3 7 

Trichoderma s p  . QM 365 

( a )  Sources were QM = U. S. Army Quartermaster,  Natick,  Massachusetts;  
ATCC = American Type Cul ture  Co l l ec t ion ,  Rockvi l le ,  Maryland; 

BMI = B a t t e l l e  Memorial I n s t i t u t e  Cul ture  Col lec t ion  

Stock c u l t u r e s  of t h e  fungi  were grown on t e s t  tube s l a n t s  o f  p o t a t o  

dext rose  aga r  (Difco). Except f o r  9. sporogenes which was cu l tu red  i n  t h i o g l y c o l a t e  

b ro th  (Difco), t h e  b a c t e r i a  was cu l tu red  on t e s t  tube s l a n t s  of t ryp tone  g lucose  

e x t r a c t  agar  (Difco) supplemented wi th  0 .5  percent  y e a s t  e x t r a c t .  A l l  were maintained 

a t  30 C.  

Seve ra l  mic rob io log ica l  s t u d i e s  were conducted t o  determine whether 

mic rob ia l  contaminants occurred i n  umpolymerized "from-the-container" m a t e r i a l s  and 

i n  water  e x t r a c t s  of t h e  cured coa t ings .  Standard procedures involv ing  a p p r o p r i a t e  

aga r  media, g l a s s  "hockey s t i c k "  sp reade r s ,  incubat ion  temperature (30 C) and t i m e s  

(up t o  28 days) were employed. 

The s tandard  p l a t i n g  procedures were a l s o  used i n  recovering spores  

of g. s u b t i l i s  v a r  n i g e r  and 9. sporogenes from coa t ing  and s u b s t r a t e  s u r f a c e s  

which had been sp ray  inocu la t ed  wi th  thrice-washed spores  of t hese  b a c t e r i a  and 

incubated a n a e r o b i c a l l y  i n  a hydrogen atmosphere a t  30 C. 

i n d i c a t o r  was used i n  thechamber t o  a s su re  the  anaerobic condi t ion .  The inocula  

A methylene b lue  
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6 
contained approximately 1 X 10 spores/ml. Each rod specimen was sprayed wi th  

approximately 0.05 m l  of spore  inoculum. Recovery of spores  was accomplished 

a f t e r  incubat ion  (up t o  48 days) w i th  s te r i le  co t ton  swabs which were placed i n  

s t e r i l e  phys io log ica l  s a l i n e ,  a g i t a t e d  by means of a Vortex mixer, and spreading 

0.1 m l  a l i q u o t s  of l : l O ,  1:100, and 1:lOOO d i l u t i o n s  on t h e  su r face  of  t h e  

t ryp tone  aga r  medium descr ibed  above. Incubation temperature was 30 C f o r  both 

organisms. 
. 

Resul t s  

"From-the-container" s t u d i e s  were i n i t i a t e d  t o  determine whether 

unpolymerized coa t ings  o r  coa t ing  components contained v i a b l e  microorganisms. The 

r e s u l t s  of t h i s  s tudy  a r e  presented i n  Table 3. I n  no case  were microoganisms 

c o n s i s t e n t l y  found i n  any of t h e  coa t ings  o r  coa t ing  components eva lua ted .  I f  

microorganisms a r e  contaminants i n  any of t hese  coa t ings  p r i o r  t o  cu r ing ,  then the  

number must be q u i t e  low, and a much g r e a t e r  sampling of each polymer must be under- 

taken t o  determine approximate numbers and types.  

t a i n e r s  were a v a i l a b l e  f o r  t h i s  sampling. This i s  no t  adequate f o r  r e l i a b l e  

sampling. 

No more than  two s t o r a g e  con- 

The coa t ings  N-3 and N-17 were appl ied  t o  rod specimens by s u p p l i e r s  

and unpolymerized m a t e r i a l  was not  a v a i l a b l e  f o r  s tudy .  

Following e x t r a c t i o n ,  water e x t r a c t s  were r e f r i g e r a t e d  (5 C) u n t i l  used 

i n  l abora to ry  eva lua t ions .  A number of t he  coa t ing  e x t r a c t s  (N-5, N-9, N-10, N - 1 1 ,  

N-12, N-14, N-15, N-16, and N-17) contained obvious contaminating mic rob ia l  growth 

d e s p i t e  a t tempts  t o  maintain a s e p t i c  handling procedures p r i o r  t o  t h i s .  Three 

honeycomb e x t r a c t s  ( N - 2 1 ,  N - 2 3 ,  and N-24) a l s o  contained contaminant growth. None 

of t h e  metal  s u b s t r a t e  e x t r a c t s  contained growth. Although fungi  predominated 
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TABLE 3. ESTIMATES OF NUMBERS OF MICROORGANISMS IN UN- 
POLYMERIZED COATINGS FROM STORAGE CONTAINERS 

(b) Dilution, Growth Observed 
(a) Undiluted 1 : loo 1 :loo0 

Batte 1 le 
Code No. 

N - 1  

N-2 
N 4 A  
N-4B 

N-5 
N-6 

N-7A 
N-7B 
N-8A 
N-8B 
N-9 

N-10 
N - 1 1  

N-12 
N-13 
N-14A 
N-14B 

N-15A 

N-15B 
N-16 

- ( 0 / 4 )  
- ( 0 / 4 )  

f ( 1 / 4 )  
f ( 2 / 4 )  

f ( 2 / 4 ) ( c )  
f (2 /4 ) ( ' )  

f ( l / 4 )  
- ( 0 / 4 )  - ( 0 / 4 )  
f ( 1 / 4 )  - ( 0 / 4 )  

- (014) 
f ( 2 / 4 )  
- ( 0 / 4 )  
f ( 1 / 4 )  

- ( 0 / 4 )  
f (114) 

f ( 1 / 4 )  
f ( 2 / 4 )  

f ( 1 / 4 )  

. (e) 

f ( 2 / 4 )  
f ( 1 / 4 )  
- ( 0 / 4 )  

f ( 1 / 4 )  
f ( 2 / 4 )  

. 

f ( 3 / 4 )  

f ( 1 / 4 )  
f ( 2 / 4 )  
f ( 2 / 4 )  
f ( 2 / 4 )  - ( 0 / 4 )  
f ( 1 / 4 )  

f ( 1 / 4 )  
f ( 1 / 4 )  
f (1/4)(') 
f ( 1 / 4 )  - ( 0 / 4 )  

f ( 1 / 4 )  
- ( 0 / 4 )  
.. ( 0 / 4 )  

f ( 3 / 4 )  
f ( 2 / 4 )  

f ( 1 / 4 )  
f ( 2 / 4 )  
f (2 /4 ) ( ' )  
f ( 1 / 2 )  
f ( 3 / 4 ) ( 4  
f (2 /4 ) ( ' )  

f ( 1 / 4 )  
f ( 1 / 4 )  - (0.4) 
- (0.4) 
- ( 0 / 4 )  
- ( 0 / 4 )  
f ( 2 / 4 )  
f ( 2 / 4 )  
f ( 1 / 4 )  
f (3 /4 ) ( ' )  

- ( 0 / 4 )  
f ( 2 / 4 )  

(a) Coatings N-3 and N-17 were not evaluated. 
respective suppliers and nonpolymerized material was not available. 

These coatings were applied by the 
. 

(b) Ratings for growth were: - = no organisms 
f = few organisms 
I- = consistent presence of organisms (none occurred). 

The numbers in parenthesis indicate the number of petri plates with organisms/ 
number of plates evaluated, for example, 0/4 indicates that no organisms were 
observed on four plates. 

(c) Organisms too numerous to count occurred.on one of four plates. 
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among the  contaminants,  b a c t e r i a  were a l s o  ev ident  i n  some cases .  Microbial  growth 

under these  condi t ions  (5 C and minimal a v a i l a b l e  n u t r i e n t s )  i s  somewhat unusual 

and i s  a good i n d i c a t i o n  t h a t  t he  coa t ings  and honeycomb ma te r i a l s  could be improved 

i n  regard t o  l i m i t i n g  mic rob ia l  n u t r i e n t  r e l e a s e  from them. 

Resu l t s  of t h e  water e x t r a c t  eva lua t ions  a r e  presented i n  Table 4 .  Of the  

fou r  microorganisms eva lua ted ,  A. n i g e r  grew most profuse ly  and u t i l i z e d  a w i d e r  

range of e x t r a c t s  than any o t h e r .  E. s u b t i l i s  (vege ta t ive  c e l l s )  was the  most 
. 

s e n s i t i v e ,  i . e . ,  grew o r  survived i n  the  fewest number of e x t r a c t s .  

Coating e x t r a c t s  t h a t  p a r t i c u l a r l y  s t imula ted  growth of one o r  more of 

t h e  microorganisms were: 

N-4 ( p o 1 y u r  e t h ane ) 

N-5 ( a c r y l i c )  

N-6 ( a c r y l i c )  

N-7 (epoxy) 

N-8 (epoxy) 

N-9 (phenol ic-butyrate)  

N-10 (varn ish)  

N-12 (polyimide) 

N - 1 3  ( s i l i c o n e )  

N-14 (polyurethane)  

N-15 (polyurethane)  

N-16 (A1Si04-K2Si02) 

N-17 ( s i l i c o n e )  

None of t h e  remaining coa t ing  e x t r a c t s  i n h i b i t e d  t h e  growth of a l l  fou r  

s p e c i e s ,  i .e.,  a t  least two spec ie s  grew o r  survived i n  t h e s e  extracts. 

Water extracts of t h e  metal s u b s t r a t e s ,  N - 1 8  ( s t a i n l e s s  s t e e l )  and N-20 

(aluminum), apparent ly  s t imu la t ed  growth of most of t h e  test  spec ie s ,  whi le  only 

s l i g h t  growth o r  s u r v i v a l  w a s  noted i n  t h e  extract of N-19 ( I r i d i t e - t r e a t e d  aluminum). 

The l a t t e r  aluminum s u b s t r a t e  appears  t o  be supe r io r  i n  t h i s  regard  t o  t h e  o t h e r  metals. 
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TABLE 4. SUMMARY OF GROWTH OF INDIVIDUAL BACTERIA AND FUNGI I N  WATER 
EXTRACTS FROM COATING, SUBSTRATE, AND HONEYCOMB SPECIMENS 

Growth Rat ing a t  I n d i c a t e d  D i l u t i o n  (b) 
Ps e udomona s A s p e r n i l l u s  Cladosporium B a c i l l u s  

Spec imen aeruninosa  n i g e r  r e s i n a e  sub  t i l  is  
Code No. 2X X 1:lO 1:lOO 2X X 1:10 1 : l O O  X 1 : l O  1:100 X 1 : l O  1 : l O O  

N- 1 

N- 2 

N- 3 

N-4 

N-5 

N- 6 

N- 7 

N-8 

N- 9 

N- 10 

N- 11 

N-12 

N- 13 

N- 14 

N-15 

N- 16 

N-17 

N- 18 

N-19 

4.7 

5 . 6  

8.9 

7.4 

6.5 

6.4 

7.1 

7.1 

7 .O 

6.2 

5.0 

6.3 

7.3 

6.5 

5.9 

5.2 

7.8 

7.2 

6.4 

* -  
- . I .  

o m  

# +. 
# f  

" *  

-* -* 
m* -* 
* #  
# #  

f *  

* *  
* +  
# *  
* #  
" -  
* *  
# *  
* #  
# *  
+ 1  

-* # 

# *  
I* -* 

+ - 

f 

f 

4- 

* 
+ 
+ 
+ 
+ 
- 
+ 
* 
+ 
+ 
f 

-* 
+ 
..* 

+ 
+ 
k 

-* 
5 

+ 
+ 
f 

-* 
* 
+ 
1 

-* 
* 
* 
-* 
-* 
"* 
-* 

-* 
-* 
- 
-* 

0 

-* 
-* 
-* 
-* 
- 
-* 
-* 
e 

+ 
-* 
+ 
..* 
-* 

+. 
* 
- 
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TABLE 4 .  (CON'T) 

(b) Growth Rat ing a t  Ind ica ted  Di lu t ion  
Ps e ud omona s As per p i l l u s  Cladosporium Bac i l lu s  

Specimen a e r ug ino  s a n i g e r  res inae  s u b t i l i s  
Code No. 2X X 1 : l O  1:lOO 2 X  X 1:lO 1:lOO X 1 : l O  1 : l O O  X 1 : l O  1 : l O O  

N-20 6.8 + k k * + + I - +  -* + -* - + I - -  - 
-* ++ -* -* Not evaluated 4-t +I- ft- N-2 1 7.2 tt - - - 

N-22 7.1 - - k - + +  + -* Not evaluated Not eva lua ted  

+ I - +  + -* -* - -* + +  + N-23 7.2 k - - - 
N- 24 7 . 1  - .. - 2 * +  4- -* - -* -* * - - 

Control(c) 7.1 + -* -* - 

("Specimens were ex t r ac t ed  i n  d i s t i l l e d  water (pH - 7.12) by r o t a r y  shaking (120 rpm) 
a t  60 C f o r  96 hours.  
Determination of pH was made wi th  s tandard  pH meter wi th  microelectrode.  
ch lo r ide  was added t o  approximate phys io logica l  s a l i n e .  

The 2X d i l u t i o n s  were prepared by freeze-concentrat ion.  
Sodium 

(b)Growth r a t i n g s  were : 

- = None 

k = S l i g h t  growth (less than con t ro l )  

+ = Growth about same a s  c o n t r o l  

ff- = Growth g r e a t e r  than c o n t r o l  * = Fungal growth observed a f t e r  incubat ion 
Ratings of b a c t e r i a l  growth were based on p l a t e  counts a f t e r  incubat ion.  
Fungal growth i n  tes t  tubes was r a t e d  v i s u a l l y .  Aster isks(*)  i n d i c a t e  
recovery of v i s s b l e  fungal  ce l l s  a f t e r  t he  incubat ion per iod.  Each tube was 
inocula ted  wi th  enough washed ce l l s  t o  resu l t  i n  a f i n a l  concent ra t ion  of  
approximately 1000 cells/ml.  

(C)Controls  cons i s t ed  o f  s te r i le  s a l i n e  prepared wi th  d i s t i l l e d  water .  
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Water extracts of the honeycomb specimens N - 2 1 ,  N - 2 3 ,  and N-24 s t imu la t ed  

growth of a t  least one of t h e  test  s p e c i e s ,  while  t h e  N-23 e x t r a c t  allowed minimal 

growth of t h e  two  spec ie s  eva lua ted .  

Water e x t r a c t a b l e  materials were apparent ly  obta ined  from a l l  specimens. 

The e x t r a c t  pH de termina t ions  i n d i c a t e  t h a t  an undetermined amount of e x t r a c t i o n  

occurred under t h e  cond i t ions  employed, i.e., e x t r a c t a b l e s  from most specimens 

s i g n i f i c a n t l y  a l t e r e d  t h e  pH of t h e  d i s t i , l l ed  water (pH 7.12) e x t r a c t i o n  medium. 

When pH was  unchanged by e x t r a c t a b l e s ,  t h e  growth of one o r  more tes t  organisms w a s  

s t imu la t ed ,  i n d i c a t i n g  t h e  presence of e x t r a c t a b l e  n u t r i e n t s  o r  s t imu la to ry  sub- 

s t a n c e s  . 
The r e s u l t s  of t h e  p e t r i  p l a t e  s t u d i e s  are presented  i n  Table  5. The 

s p e c i f i c a t i o n  procedure followed ca l l s  f o r  t h e  use of minera l  sa l t s  agar .  

an  eva lua t ion ,  i n c l u s i o n  of a n u t r i e n t  agar medium i s  u s e f u l  f o r  comparing t h e  

degree of funga l  growth i n  t h e  presence of an a d d i t i o n a l  n u t r i e n t  source.  

experiment, c o a t i n g s  N-7  (epoxy), N - 1 0  (va rn i sh ) ,  N - 1 4  (polyurethane),  and N - 1 5  

(polyurethane) supported moderate t o  heavy fungal  growth on both media; wh i l e  

coa t ings  N-4 (po lyure thane) ,  N - 5  ( a c r y l i c ) ,  N-6 ( s i l i c a t e )  ,and N - 1 7  ( s i l i c o n e )  

supported moderate t o  heavy growth only  on po ta to  dex t rose  agar. Seve ra l  coa t ings  

had no growth o r  very  s l i g h t  growth when placed on minera l  sa l ts  aga r  and f o r  t h i s  

r eason  performed b e s t  i n  t h i s  eva lua t ion .  

(va rn i sh ) ,  and N-3 ( s i l i c a t e ) .  N o  zones of i n h i b i t i o n  were noted around any of t h e  

specimens on either medium. 

I n  such 

I n  t h i s  

These were coa t ings  N - 1  (varnish), N - 2  

Of t h e  m e t a l  s u b s t r a t e s ,  on ly  I r i d i t e - t r e a t e d  aluminum i n h i b i t e d  o r  l i m i t e d  

t h e  growth of the microorganisms. The honeycomb specimens N - 2 1  and N-24 had no 
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TABLE 5 e GROWTH OF MIXED FUNGAL INOCULUM ON SPECIMEN SURFACES I N  
PETRIPLATE EXPOSURE AT 30 C AND 95 +_ 5% RH 

G r o w t h  R a t i n g ( a )  
S pe c i m e n  M i n e r a l  S a l t s  P o t a t o  D e x t r o s e  
C o d e  No.  A g a r  (b) A g a r  (c) 

N- 1 

N-2 

N-3 

N-4 

N- 5 

N- 6 

N-7 

N-8 

N- 9 

N- 10 

N - 1 1  

N- 1 2  

N- 13 

N- 14 

N - 1 5  

N-16 

N-17 

N-18 

N - 1 9  

5 

5 
, 

+ 
- 
+ 
# 

+ 
+ 
+I+ 

+ 

U 

ft 

+ 
+ 
+ 
I 

+ 
+ 
+ 
ft 

U 

+I+ 

+I+ 

+ 
# 

+I+ 

+ 
tl- 

ft 

+ 
fl- 

U 

+I- 

tl- 

+ 
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TABLE 5 .  (CON'T) 

Growth Rating(a) 
S pe c imen Mineral  S a l t s  Po ta to  Dextrose 
Code N o .  Agar (b) Agar (c) 

N-20 + * 
N-21 - & (e) 

N-22 - +(e> 

N-23 - +(e> 

N-24 ,(e) 

, 

U ftf (4 Cont r o l  

Growth r a t i n g s  a re :  

- = None 

5 = Qaestionable o r  ve ry  s l i g h t  

+ = s l i g h t  

= moderate 

sfi- = heavy 

Non-nutrient agar  medium (c) Nu t r i en t  agar  medium 

P l a t e s  w i th  ind ica t ed  media and s t e r i l e  squares  of 
f i l t e r  paper sprayed t o  a s c e r t a i n  v i a b i l i t y  of inoculum 

Heavy b a c t e r i a l  contamination probably from handling. 
P i t  co r ros ion  a l s o  noted ,  e s p e c i a l l y  on the 5052-001 
aluminum core  m a t e r i a l .  
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growth on mine ra l  sa l t s  agar bu t  s l i g h t  t o  moderate growth on po ta to  dex t rose  agar.  

Honeycomb N-24 supported t h e  most growth. 

s e l e c t e d  coa t ings  are shown i n  F igures  3 through 5. 

Photographs of  t y p i c a l  fungal  growth on 

I n  t h i s  study, a leached (running water ba th  a t  30 C f o r  18 hours  wi th  

water flow at  10 l / h r )  series of specimens was included. 

t i a l l y  t h e  same as those  r epor t ed  i n  Table 5. 

The r e s u l t s  were essen-  

The r e s u l t s  of t h e  h igh  humidity study are shown i n  Table 6. Moderate 

fungal  growth occurred on only  two specimens, namely N-4 (polyurethane) and N-10 

(varn ish) .  

N-14, N-16, and N-17. 

. 

S l i g h t  or  ques t ionable  growth occurred on N - 3 ,  N-6, N - 1 1  , N-12, N - 1 3 ,  

However, N-4 (polyurethane) N-8 (epoxy) , N - 1 5  (polyurethane),  and N-16 

( s i l i c a t e )  sof tened  a t  least two p e n c i l  r a t i n g s  during t h e  exposure period. 

so f t en ing  appeared t o  be a s soc ia t ed  wi th  microbia l  growth f o r  N-4 and N-16; whi le  

N-8 and N-15 apparent ly  sof tened  because of t h e  high humidi ty ,  i.e., no microbia l  

growth w a s  ev iden t  on t h e s e  specimens as determined by microscopic  examination. 

The 

R e s u l t s  of s o i l  b u r i a l  exposure of t h e  coated specimens are summarized i n  

Table 7. 

During 6 months of exposure t h e  following coa t ings  sof tened  fou r  o r  more 

p e n c i l  hardness  r a t i n g s  : N-3 ( s i l i c a t e ) ,  N-4 (polyurethane) , N - 8  (epoxy) , N-15 

(polyurethane),  and N-16 ( s i l i c a t e )  

Coatings t h a t  l o s t  a t  least two p e n c i l  hardness  r a t i n g s  were: N-1  

( v a r n i s h ) ,  N - 1 1  (varn ish)  N - 1 3  ( s i l i c o n e )  , and N-14 (polyurethane).  

A l l  o t h e r  coa t ings  d id  not  s o f t e n  o r  sof tened  only one p e n c i l  hardness  

r a t i n g  which w a s  considered i n s i g n i f i c a n t .  

( s i l i c o n e )  because i t  was  too  s o f t  t o  measureo 

This method w a s  no t  app l i cab le  t o  N-17 
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. 

Figure 3 .  Typical  Fungal Growth on Coating N-10  (Varnish) i n  
P e t r i  P l a t e  Study on Pota to  Dextrose Agar 
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. 

Figure 4 .  Typical  Fungal Growth on Coating N-14  (Polyurethane) 
i n  P e t r i  P l a t e  Study on Mineral S a l t s  Medium 
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. 

Figure 5. Typical Fungal Growth on Coating N-6 (Acrylic) 
i n  P e t r i  P l a t e  Study on Pota to  Dextrose Agar 
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TABLE 6 .  NOTES ON GROWTH OBSERVED MICROSCOPICALLY ON S P E C D E N S  
INOCULATED WITH MIXED FUNGAL INOCULUM AFTER 30 DAYS 

OF INCUBATION AT 30 C AND 95 5 5% RH 

Spec imen Growth 
Code N o .  Observation Ra t ing (a) 

N- 1 N o  growth, spores not,germinated - 
N- 2 No growth, spores not germinated - 
N-3 Spores germinated, scant mycelial development + 
N-4 Spores germinated, slight-moderate mycelial ft 

development 

N- 5 N o  growth, spores not germinated - 
N- 6 

N- 7 

Spores germinated,scant mycelial development + 
N o  growth, spores not germinated - 

N- 8 N o  growth, spores not germinated - 
N- 9 

N- 10 

N - 1 1  

N- 12 

N o  growth, spores not germinated - 
Spores germinated, slight to moderate mycelial +I- 
development 

Growth on 3 of 8 rods, scant mycelial 
development 

Spores germinated, scant mycelial development + 
N- 13 Germinated spores on 4 of 8 rods f 

N - 1 4  Spores germinated, scant mycelial development + 
N- 15 No growth - 
N - 1 6  Spores germinated, scant mycelial development + 
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TABLE 6. Continued 

Specimen Growth 
Code No. Observation Ra t ing (a) 

N- 17 Spores germinated, scant mycelial development + 
N- 18 No growth or spore germination - 
N- 19 No growth or spore germination 

N-20 Growth on 1 of 8 rods, scant mycelial 
development 

N-2 1 

N-22 

No growth or spore germination (b) 

No growth or spore germination (b) 

N-23 Occasional spores germinated 

N-24 No growth or spore germination ( b) 

(a) Growth ratings weFe: 
-. = No growth or spore germination 

5 = Questionable or partial spore germination or growth 

f = Definite but scant mycelial development 

tt- = Slight moderate mycelial development 

(b) Pit corrosion of aluminum noted, especially on the 5052-001 
aluminum core material. 
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TABLE 7. MEASUREMENT OF COATING PROPERTIES 
DURING SOIL BURLAL EXPOSURE 

Measurement a t  T i m e  Noted, months 
Coating Penc i l  Hardness (a) E l e c t r i c a l  Resis tance,  ohms (b) 
Code No. I n i t i a l  1 3 6 I n i t i a l  1 3 6 

1 . 2 ~ 1 0 ~  1.8X107 9.4X106 3.2X10 6 

5.6X106 3.2X10 6 

N- 1 8 7 7 6 

N- 2 7 8 8 6 3 e 1x10~ 7.9XlO 

N- 3 10 6 6 6 Not app l i cab le  - Conductive coa t ing  

9 N-4 11 1 1 2 > 1.0x1012 1. 3X1O1O 3.2X10 lo 5.1X10 

5 5.2x1O5 3.0x1O5 2.7X10 N-5 8 6 7 7 2.7X10 

N- 6 9 8 8 9 1 4 x 1 0 ~  8.OX1O6 0.5x1O5 O.7X1O5 

6 N-7 9 9 8 8 1 * 9x10 2.9x10 6 . 4 ~ 1 0 ~  3.9X10 

. 
7 

9 

N-8 

N- 9 

N- 10 

N - 1 1  

N- 12 

N-13 

N- 14 

N - 1 5  

N-16 

N-17 

11 4 8 7 2 3x10 3 . 1 ~ 1 0 ~  1.6X10 1 . 2 ~ 1 0 ~  6 

11 8 10 11 Not app l i cab le  - Conductive coa t ing  

5 

7 

5 5 5 5 1.5X10 1.2XlO 1.2x10 ti 2.8X10 

11 9 8 9 6.OX1O7 1. OX108 6.5X10 3.1X10 

11 11 11 11 Not app l i cab le  - Conductive coa t ing  

5 

11 9 9 9 Not app l i cab le  - Conductive coa t ing  

13 12 13 11 2.7X10 1. 7X108 2.8X10 3.1X108 

13 10 11 9 Not app, l icable  - Conductive coa t ing  

8 

6 3 2 2 Not app l i cab le  - Conductive coa t ing  

< 1 < 1  < 1  < l  2 e 7x10 1 . 5 ~ 1 0 ~  1. 6X105 1. 5X105 8 

(a) See footnote  (d) a t  end of Table 1. I n i t i a l  penc i l  hardness readings a r e  
d i f f e r e n t  i n  some cases  than those  presented i n  Table 1. This i s  probably 
due t o  a d d i t i o n a l  cu r ing  during s to rage  a t  room temperature u n t i l  s o i l  
b u r i a l  was s t a r t e d .  

(b) Measurement made i n  s i t u  wi th  Model 602 Electrometer .  Uncoated s u b s t r a t e s  
(aluminum and s t a i n l e s s  s t e e l )  va r i ed  between 0.5 - l.lX105 ohms during the  
exposure per iod.  Conductive coa t ings  a l s o  had measurements i n  t h i s  
approximate range. 
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Losses i n  electrical  r e s i s t a n c e  i n  t h e  range of 2 t o  3 logs were recorded 

f o r  : N-4 (po lyure thane) ,  N-5  ( a c r y l i c )  , N-6 ( a c r y l i c )  N-7 (epoxy) and K-17 ( s i l i c o n e ) .  

One log  loss i n  e l e c t r i c a l  r e s i s t a n c e  occurred f o r :  N - 1  (va rn i sh ) ,  N-2 

(varn ish)  and N-8 (epoxy). 

Only minor l o s s e s  i n  electrical r e s i s t a n c e  occurred f o r  t h e  remainder of 

t h e  coa t ings ,  which appear t o  be somewhat r e s i s t a n t  t o  microbia l  degrada t ion .  

method of measuring coa t ing  change w a s  no; s u i t a b l e  f o r  conductive c o a t i n g s  (N-3, 

N-9 ,  N-12 ,  N - 1 3 ,  N - 1 5 ,  and N-16) .  

This  

There w a s  no apparent  c o r r e l a t i o n  between so f t en ing  as determined by p e n c i l  

hardness  change and l o s s  i n  electrical  r e s i s t a n c e .  

i n  e i t h e r  p rope r ty ,  t hen  d e t e r i o r a t i o n  apparent ly  occurred. A s  noted ,  t h e  d e t e r i o r a -  

t i o n  may have been caused by e i t h e r  microbia l  a c t i o n  o r  by t h e  humid o r  w e t  condi- 

t i o n s  of t h e  experiment and t h e  r e s u l t i n g  water absorp t ion  by t h e  coa t ing .  

I f  a coa t ing  e x h i b i t e d  a l o s s  

I n  e i t h e r  

case, 9 of t h e  17 coa t ings  were seve re ly  a f f e c t e d  as determined by one o r  t h e  o t h e r  

eva lua t ion  procedures  as noted above. 

Scanning e l e c t r o n  microscope (SEM) examination w a s  employed t o  determine 

whether changes i n  s u r f a c e  f e a t u r e s  could be observed f o r  s e l e c t e d  specimens a f t e r  

s o i l  b u r i a l  exposure. I n  a pre l iminary  study of c o n t r o l ,  exposed, and u l t rasound-  

c leaned specimens of coa t ing  N-17 ( s i l i c o n e )  a f t e r  4 months of s o i l  b u r i a l ,  t h e  

SEM photomicrographs shown i n  F igures  6 through 9 w e r e  obtained. The fo l lowing  

remarks can be made: 

F igure  6 :  The non-exposed ( con t ro l )  s u r f a c e  of s i l i c o n e  coa t ing  N - 1 7  

i s  q u i t e  rough wi th  pigment p a r t i c l e s  of less t h a n  1 p and 

deep i r r e g u l a r  p i t s  g r e a t e r  t han  1 p i n  diameter.  
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Figure  7: Moderate damage t o  t h e  s u r f a c e  of t h i s  coa t ing  occurred i n  

l o c a l i z e d  a r e a s  wi th  apparent loss  of pigment p a r t i c l e s .  Some 

a r e a s  of  t h i s  coa t ing  s u r f a c e  were s i m i l a r  t o  t h a t  shown i n  

Figure 6 .  

Figure  8: The s u r f a c e  of t h e  c o n t r o l  specimen a f t e r  u l t rasound c l ean ing  

was s i m i l a r  t o  t h e  non-exposed c o n t r o l  s u r f a c e  shown i n  

F igu re  6, i n d i c a t i n g  t h a t  t h e  u l t rasound c l ean ing  a lone  
, 

appa ren t ly  d id  n o t  a f f e c t  t h i s  coa t ing  s u r f a c e .  

Figure 9: This c o a t i n g  su r face  is  e n t i r e l y  d i f f e r e n t  from any of t h e  

previous su r faces  shown. It i s  r e l a t i v e l y  smooth wi th  .small  

microf issures throughout. Apparently s o i l  b u r i a l  exposure 

e s s e n t i a l l y  sof tened  o r  decomposed the  ma t r ix  allowing the  

pigment p a r t i c l e s  t o  break loose  dur ing  t h e  c l ean ing  process.  

This ,  a long  wi th  t h e  previously-reported l o s s  of e l e c t r i c a l  

r e s i s t a n c e  a f t e r  s o i l  b u r i a l ,  provides a s t r o n g  i n d i c a t i o n  

t h a t  t h i s  coa t ing  i s  s u s c e p t i b l e  t o  microbial  d e t e r i o r a t i o n .  

SEM examination a t  magnif icat ions between 100 and 10,OOOX of  s e l e c t e d  

coa t ings  a f t e r  6 months of s o i l  b u r i a l  may be b r i e f l y  summarized a s  follows: 

N-3 ( s i l i c a t e )  - F i s s u r e s  (up t o  50 p width) were obvious i n  t h i s  coa t ing  

s u r f a c e  a t  l O O X  i n  a l l  specimens examined, inc luding  the  non-exposed c o n t r o l .  

The f i s s u r e s  were somewhat l a r g e r  and occurred more f r equen t ly  i n  specimens 

exposed t o  s o i l  b u r i a l  and u l t rasound c leaning .  A t  2000X, t he  s u r f a c e  of  a l l  

specimens was q u i t e  rough wi th  i r r e g u l a r l y  shaped p i t s  up t o  3 p i n  diameter.  

N-4 (polyurethane) - The coa t ing  su r face  of a l l  specimens was ve ry  smooth a t  a l l  

magnif icat ions t o  10,OOOX. Occasional mic ro f i s su res  (0.1 p width) were observed 
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. 

Figure 6 .  Control (Non-Exposed) Surface of Coating 
N-17 (Si l icone)  : SEM - 10,OOOX 
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Figure 7. Surface of Coating N-17  Af te r  4 Months 
of S o i l  Bur i a l  Exposure: SEM - 10,OOOX 
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Figure 8. Control (Non-Exposed) Surface of Coating N-17 
Af te r  Ultrasound Cleaning: SEM - 10,OOOX 
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Figure 9.  Surface of Coating N-17 Af te r  4 Months of S o i l  Bur i a l  
Exposure and Ultrasound Cleaning: SEM - 10,OOOX 
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i n  a l l  specimens except  non-exposed con t ro l s .  The mic ro f i s su res  were more f requent  

i n  t h e  specimen exposed t o  s o i l  b u r i a l  and u l t rasound cleaning. Greater damage 

than  t h i s  was  expected s i n c e  t h i s  coating was one of t h e  more seve re ly  damaged i n  

s o i l  b u r i a l  as determined by l o s s e s  i n  p e n c i l  hardness  and e l e c t r i c a l  r & s i s t a n c e .  

N-5 ( a c r y l i c )  - Surfaces  of a l l  coa t ing  specimens were moderately smooth wi th  

bumps due apparent ly  t o  underlying pigment p a r t i c l e s .  

observed i n  a l l  specimens whether exposed o r  not.  

Microf i ssures  w e r e  r a r e l y  

Since no evidence of phys i ca l  
, 

damage of t h e  coa t ing  su r face  w a s  observed, chemical changes i n  t h e  coa t ing  due 

t o  s o i l  b u r i a l  exposure are suspected. 

N-6 ( a c r y l i c )  - Moderately smooth coating s u r f a c e s  f o r  a l l  specimens were ob- 

served a t  magni f ica t ions  up t o  500X although pigment p a r t i c l e s  and a i r  bubbles 

caused some su r face  i r r e g u l a r i t y .  

e s s e n t i a l l y  t h e  appearance of p inholes  i n  a l l  specimens examined. S o i l  b u r i a l  

exposure apparent ly  caused more f requent  and severe rup tu r ing  of a i r  bubbles 

(observed a t  2000X) and may be t h e  r eason  f o r  l o s s  of e l e c t r i c a l  r e s i s t a n c e .  

Some air bubbles w e r e  p a r t i a l l y  rup tu red  w i t h  

N-8  (epoxy) - Surfaces  of t h i s  coa t ing  were very  smooth a t  magni f ica t ions  up t o  

2000X f o r  non-exposed, so i l -bur ia l -exposed ,  and u l t rasound cleaned specimens. 

However, t h e  s u r f a c e  of t h e  specimen from s o i l  b u r i a l  and cleaned wi th  u l t rasound 

was q u i t e  rough wi th  i r r e g u l a r l y  shaped pigment p a r t i c l e s  (approximately 5 p long 

X 2-3 p wide). 

apparent ly  removed some of t h e  polymer matrix. 

i n  a l l  specimens. 

N-10 (va rn i sh )  - The su r faces  of a l l  specimens of t h i s  coa t ing  were very smooth 

a t  magni f ica t ions  up t o  ZOOOX. 

a t  10,OOOX on s u r f a c e s  exposed t o  s o i l  b u r i a l  a lone  and t o  s o i l  b u r i a l  wi th  

The combination of s o i l  b u r i a l  exposure and u l t rasound c leaning  

Pinholes were occas iona l ly  observed 

Very s m a l l  m ic ro f i s su res  (<0.1 p) were observed 
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ul t rasound c leaning .  

cleaned su r faces .  This  coa t ing  performed w e l l  i n  s o i l  b u r i a l  w i th  no loss of  

hardness  o r  e l e c t r i c a l  r e s i s t a n c e  al though it  d i d  support  o r  s t i m u l a t e  mic rob ia l  

growth i n  o t h e r  s t u d i e s .  

N - 1 2  (polyimide) - The s u r f a c e s  of a l l  specimens w e r e  excep t iona l ly  smooth a t  

magni f ica t ions  up t o  20OOX. 

whether exposed t o  s o i l  b u r i a l  o r  not: 

air  bubbles which had co l lapsed  and f i l l e d  i n .  

any p h y s i c a l  d i f f e r e n c e s  i n  t h e s e  specimens. This coa t ing  performed w e l l  i n  

s o i l  b u r i a l  w i th  no loss i n  hardness  a l though e x t r a c t s  s t imula ted  t h e  growth of 

two fungi.  

N-14 (polyurethane) - Surfaces  of t h i s  coa t ing  were moderately smooth w i t h  some 

i r r e g u l a r i t y  due t o  pigment particles. F i s s u r e s  (some up t o  50 p, width) s i m i l a r  

t o  s c r a t c h e s  were observed on a l l  specimens. 

a l s o  found occas iona l ly .  

t o  s o i l  b u r i a l  a lone  and cleaned by ultrasound. 

N - 1 6  ( s i l i c a t e )  - The s u r f a c e s  of a l l  specimens were very rough wi th  a porous 

t e x t u r e  (observed a t  2 0 0 0 X ) .  There w e r e  no apparent  changes due t o  s o i l  b u r i a l  

exposure o r  u l t rasound t rea tment .  

.involved i n  t h e  s i g n i f i c a n t  loss of coa t ing  hardness  during s o i l  b u r i a l .  

N-17 ( s i l i c o n e )  - The series of SEM photomicrographs f o r  t h i s  coa t ing  a f t e r  6 

months of s o i l  b u r i a l  w e r e  e s s e n t i a l l y  similar t o  those  obta ined  a f t e r  4 months 

of s o i l  b u r i a l  (F igures  6 through 9) .  

d i scussed .  

N o  mic ro f i s su res  were ev ident  on nonexposed o r  u l t rasound-  

P inholes  were r a r e l y  observed i n  a l l  specimens 

The p inholes  appeared t o  be formed by 

There w a s  no real evidence o f  

P inholes  (approximately 5 p) w e r e  

Enlargement of t h e  f i s s u r e s  occurred on specimens exposed 

Chemical changes i n  t h i s  coa t ing  are a p p a r e n t l y  

These photomicrographs w e r e  p rev ious ly  
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For t h e  purposes of minimizing microbia l  contamination and e n t r y  po in t s  i n t o  

t h e  matrix of a coa t ing ,  smooth-surfaced coa t ings  are p r e f e r a b l e  t o  ones with rough 

su r faces .  

examined by SEM, N-4 (polyurethane) ,  N - 8  (epoxy), N-10 (varn ish)  , and N-12 (polyimide) 

Pinholes  and f i s s u r e s  must be minimal f o r  t h e  same reasons.  Of t h e  coa t ings  

without  ques t ion  had t h e  smoothest sur faces .  

change a f t e r  s o i l  b u r i a l  exposure occurred f o r  t h r e e  of t h e s e  coa t ings  (N-4,  N-8 ,  and 

N-10) so t h a t  coa t ing  N-12 appears t o  be super ior  from t h i s  po in t  of view. 

N-3  ( s i l i c a t e ) ,  N-16 ( s i l i c a t e ) ,  and N - 1 7  ( s i l i cone )  w e r e  q u i t e  rough i n i t i a l l y  and 

changed s i g n i f i c a n t l y  a f t e r  s o i l  b u r i a l  exposure. Coatings N-5 ( a c r y l i c ) ,  and N - 1 4  

(polyurethane) were in te rmedia te  i n  smoothness wi th  only N-5 remaining apparent ly  un- 

changed a f t e r  s o i l  b u r i a l .  

Microf i ssures ,  p inholes ,  o r  coa t ing  

Coatings , 

The da ta  obtained from b a c t e r i a l  spore s t u d i e s  a r e  summarized i n  

Table 8. Grea ter  s u r v i v a l  was noted f o r  g. sporoaenes spores  than 2. s u b t i l i s ,  

a l though the  l a t t e r  survived s u r p r i s i n g l y  w e l l  under the  anaerobic condi t ions  of 

t h i s  experiment. 

vege ta t ive  c e l l s  of t h i s  organism i n  the previouslyckscr ibed e x t r a c t  s tudy  (Table 4 ) .  

One coa t ing ,  N - 3  ( s i l i c a t e ) ,  t o t a l l y  i n h i b i t e d  spores  of both spec ies  while s eve ra l  

o t h e r s  (N-10 va rn i sh ,  N - 1 1  varn ish ,  and N-14 polyurethane) t o t a l l y  i n h i b i t e d  only 

As might be expected, 2. s u b t i l i s  spores  were ha rd ie r  than the  

- B. s u b t i l i s  spores .  

wi th  N - 1  (varnish)  and N-17 ( s i l i c o n e ) .  Some specimens appeared t o  enhance spore 

s u r v i v a l  of both spec ie s .  These were N - 1 2  (polyimide),  N-15 (polyurethane) ,  N-16 

( s i l i c a t e ) ,  and the  honeycomb m a t e r i a l s ,  N-22 and N-23. Other specimens enhanced 

spore  s u r v i v a l  of one of the  spec ie s  namely, N-2 ( va rn i sh ) ,  N-4  (polyurethane) ,  

N-5 ( a c r y l i c )  , N-6 ( a c r y l i c ) ,  N-7 (epoxy), N-10 (varn ish)  N - 1 4  (polyurethane) ,  

and the  honeycombs, N - 2 1  and N-24. For a l l  o ther  specimens (N-8,  N-9, and N-13), 

t he  spore recovery r a t e s  were e s s e n t i a l l y  the  same a s  those obtained f o r  t he  metal  

s u b s t r a t e s  (N-18, N - 1 9 ,  and N-20), i . e . ,  w i th in  the  range of 1000-6000 spores/cm 

recovered. 

Strong i n h i b i t i o n  of spores  of both b a c t e r i a l  spec ies  occurred 

2 
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TABLE 8 .  RECOVERY OF BACTERIAL SPORES FROM 
SPECIMEN SURFACES AFTER ANAEROBIC 
INCUBATION AT 30 C 

(a) Spore Recovery Ra tinp 
B. s u b t i l i s  (b) C l o s t r i d i u m  (c> 

Specimen _- 
Code No. v a r  n i g e r  sporogenes 

1 It k 

. 

2 

3 

U 

- 
4 + # 

5 

6 

U 

+ 
+ 
$+ 

7 + U 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

+ 
+ 

# 

+ 
- 
tt- 

U 

rt 

+ 
+ 

# 

+ 
# 

U 

U 

k 

18 + + 
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TABLE 8. (CON'T) 

(a) Spore Recovery Rat ing  
(c) C 1 os t r i d  i um Specimen I B. s u b t i l i s  

Code No. v a r  n i g e r  sporogenes 
(b) 

19 

20 

+ 
+ 

. + 
+ 

21  + * 
22 fi- * 
23 U ft 

24 1: ft 

(a) Recovery of spores  from specimen su r faces  was 
accomplished with s t e r i l e  co t ton  swabs which were 
a g i t a t e d  i n  s t e r i l e  phys io logica l  s a l i n e .  The 
r e s u l t i n g  spore-containing suspension was s e r i a l l y  
d i l u t e d  and p la ted  ou t  on t ryptone  glucose e x t r a c t  
agar  (supplemented with 0.5 percent  yeas t  e x t r a c t ) .  
The p l a t e s  were then incubated i n  a hydrogen 
atmosphere f o r  var ied  periods of t i m e  and t h e  
r e s u l t i n g  co lonies  counted. The r a t i n g  system is  
a s  fol lows:  

- =  no recovery 

k = 1 - 1000 ce l l s /cm recovered 

+ = 1000 - 6000 ce l l s /cm 

U = more than 6000 ce l l s /cm 

2 

2 

2 

(b) Incubated 37 days 

(c) Incubated 48 days 

(a) Not included 
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These r e s u l t s  could no t  have been predic ted  from growth i n h i b i t i o n  of 

microorganisms i n  previously-descr ibed s t u d i e s  i n  t h i s  r e p o r t .  For example, 

t h e  spore  k i l l  t h a t  occurred wi th  N-3 ( s i l i c a t e )  may have been brought about by a 

high pH s i n c e  a pH of 8.9 was obtained f o r  t he  water  e x t r a c t  of t h i s  c o a t i n g ,  

The f a i r l y  s t rong  spore  i n h i b i t i o n  by N - 1 7  ( s i l i c o n e )  was c e r t a i n l y  no t  expected 

s i n c e  vege ta t ive  microbia l  forms i n  a l l  o the r  exposure s t u d i e s  e i t h e r  w e r e  

s t imula ted  o r  a t  b e s t  surv ived  i n  the  presence of t h i s  coa t ing  o r  e x t r a c t s  from 
. 

i t .  However, on the  b a s i s  of  s t rong  i n h i b i t i o n  o r  k i l l  of both spore forms, t h e  

coa t ings  N-1 (varn ish) ,  N-3 ( s i l i c a t e )  and N-17 ( s i l i c o n e )  performed b e s t  i n  

t h i s  s tudy.  Coating N-11 (varn ish)  may be a s  good bu t  da ta  were obtained only 

f o r  2. s u b t i l i s .  
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SUMMARY AND CONCLUSIONS 

On t h e  b a s i s  of a l l  t he  eva lua t ions  conducted, none of t h e  coa t ings  

i n h i b i t e d  mic rob ia l  growth t o t a l l y .  Therefore,  none of  t he  coa t ings  as they  a r e  

now formulated a r e  s u i t a b l e  from a spacec ra f t  s t e r i l i z a t i o n  viewpoint wi thout  

te rmina l  o r  some o t h e r  s t e r i l i z a t i o n  process .  

Some of t h e  coa t ings  a r e  f a i r l y  r e s i s t a n t  t o  microbia l  degrada t ion  a s  
, 

judged by minimal o r  no changes i n  p e n c i l  hardness o r  e l e c t r i c a l  r e s i s t a n c e  i n  

s o i l  b u r i a l  exposure and minimal o r  s l i g h t  microbia l  growth i n  most of t h e  o t h e r  

types o f  exposures .  These a re :  

N-2 (varnish)  

N-9 (phenol-butyra te) 

N-12 (polyimide) 

A l l  o t h e r  coa t ings  s i g n i f i c a n t l y  sof tened ,  l o s t  e l e c t r i c a l  r e s i s t a n c e ,  

o r  had moderate t o  heavy growth i n  more than  one type of eva lua t ion ;  and could be  

improved i n  regard  t o  r e s i s t a n c e  t o  microbia l  a t t a c k .  

Three varn ishes  (N-1, N-2, and N-11)  contained fungicides .  One (N-LO) 

d id  not .  A s  a c l a s s ,  va rn i shes  were less s u s c e p t i b l e  t o  microbia l  a t t a c k  and 

supported less mic rob ia l  growth than  o t h e r  coa t ings .  

va rn i sh  (N-10) s t imu la t ed  t h e  growth of more microorganisms than any of t h e  o t h e r  

varn ishes  a l though i t  performed w e l l  dur ing s o i l  b u r i a l  exposure. 

The polyurethanes (N-4, N-14,  and N-15)  appear t o  be t h e  c l a s s  of c o a t i n g  

The non-fungicide-containing- 

most s u s c e p t i b l e  t o  mic rob ia l  a t t a c k  wi th  N-14 and N-15 performing somewhat b e t t e r  

than N-4.  
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The two a c r y l i c s ,  N-5 and N-6, appeared t o  be somewhat r e s i s t a n t  t o  

degrada t ion  b u t  supported t h e  growth of many of the  microorganisms and l o s t  two 

logs e l e c t r i c a l  r e s i s t a n c e  during s o i l  bu r i a l .  O f  t h e  two, N-5 appears t o  be 

t h e  b e t t e r  coa t ing  on t h e  b a s i s  of less microbia l  growth i n  p e t r i  p l a t e  and high 

humidity eva lua t ions.  

Both epoxy coa t ings  (N-7 and N-8) evaluated supported t h e  growth of most 

of t h e  microorganisms. 

b u r i a l  exposures occurred f o r  N-8 ,  and epoxy N-7 appears  preferab le .  

Penc i l  hardness f a t i n g  l o s s e s  i n  high humidity and s o i l  

The s i l i c a t e  coa t ings  N-3  and N-16 sof tened  s i g n i f i c a n t l y  during s o i l  

b u r i a l  a l though n e i t h e r  markedly s t imu la t ed  microbia l  growth i n  o t h e r  eva lua t ions ,  

Coating N-3 i s  known t o  be s e n s i t i v e  t o  water  over  prolonged exposure per iods.  

This  may have been t h e  reason f o r  t h e  l o s s  of hardness recorded. 

t r u e  f o r  t h e  N-16 s i l i c a t e  coa t ing .  

The same may be 

Although both can provide n u t r i e n t s  f o r  microbia l  growth and s u r v i v a l ,  

t h e  phenol ic-butyrate  coa t ing  (N-9) and t h e  polyimide coa t ing  (N-12) appear t o  be 

r e s i s t a n t  t o  mic rob ia l  a t t a c k  a s  judged by l ack  of changes during s o i l  b u r i a l .  

Scanning e l e c t r o n  microscope examination revealed t h e  s u r f a c e  f e a t u r e s  

of s e l e c t e d  coa t ings  a s  w e l l  a s  r e s u l t i n g  damage from s o i l  b u r i a l  exposure f o r  

some samples. Enlargement o r  occurrence of p inholes ,  f i s s u r e s ,  mic ro f i s su res  o r  

o t h e r  changes due t o  s o i l  b u r i a l  ul t rasound c leaning  were observed f o r  coa t ings  

N-3 ( s i l i c a t e ) ,  N-4 (polyurethane) ,  N-6 ( ac ry l i c ) ,  N-8 (epoxy), N - 1 0  (varn ish) ,  

N-14 (polyurethane),  and N-17 ( s i l i c o n e ) .  The damage observed d id  no t  always 

co inc ide  wi th  measured l o s s e s  i n  s o i l  b u r i a l  exposure,  e.g., N-10 d id  not  s o f t e n  

or l o s e  e l e c t r i c a l  r e s i s t a n c e  although i t  d id  support  microbia l  growth i n  e x t r a c t ,  

p e t r i  p l a t e ,  and high humidity s t u d i e s .  Examination of  coa t ings  N - 5  ( a c r y l i c )  
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and N-16 ( s i l i c a t e )  revea led  no obvious damage t o  coa t ing  su r faces ,  and t h e  

proper ty  l o s s e s  recorded f o r  t hese  coa t ings  a f t e r  s o i l  b u r i a l  exposure a r e  be l ieved  

t o  be  t h e  r e s u l t  of chemical changes i n  t h e s e  coa t ings .  One of t h e  l e a s t  a f f e c t e d  

coa t ings  i n  s o i l  b u r i a l  (N-12, polyimide) had no observable  su r face  damage. 

Seve ra l  o f  t h e  coa t ings  (N-3,  N-16 ,  and N-17) had very rough su r faces  

which could harbor  and p a r t i a l l y  p r o t e c t  contaminant microorganisms. A smoother 

s u r f a c e  would be p re fe rab le .  
. 

Other coa t ings  were very  smooth a t  magni f ica t ions  

up t o  10,000 X, but  had p inholes ,  f i s s u r e s ,  o r  changes i n  s o i l  b u r i a l  exposure. 

These were N-4, N-6, N-8, and N-10 .  Only N-12 (polyimide) had a smooth s u r f a c e  

wi th  no apparent  l o s s  i n  p r o p e r t i e s  during s o i l  b u r i a l .  The remaining coa t ings  

(N-5 and N-14)  examined had moderate smoothness wi th  a moderate degree of proper ty  

loss  i n  s o i l  b u r i a l .  

Substances e x t r a c t e d  from s t a i n l e s s  s tee l  (N-18) and unt rea ted  aluminum 

(N-20) s t imu la t ed  t h e  growth of most organisms eva lua ted  i n  e x t r a c t  s t u d i e s .  

I r i d i t e - t r e a t e d  aluminum performed b e s t  i n  these  eva lua t ions  by suppor t ing  less 

mic rob ia l  growth. These f ind ings  were corroborated t o  some ex ten t  i n  p e t r i  p l a t e  

and h igh  humidity s t u d i e s .  

Of the four  types of  honeycomb m a t e r i a l s  eva lua ted ,  N-22 supported less 

mic rob ia l  growth i n  t h e  va r ious  s t u d i e s  than t h e  o t h e r  honeycombs, N-21, N-23, and 

N-24. 

was abundantly ev ident  i n  specimens N-21 and N-22. Because o f  t h e  cor ros ion ,  t h e  

h e a t - r e s i s t a n t  phenol ic  co re  i n  N-23 and N-24 seems p re fe rab le  t o  t h e  5052-001 

aluminum core  used i n  t h e  o t h e r  specimens. The microbio logica l  eva lua t ions  of 

P i t  co r ros ion  of  t h e  aluminum core m a t e r i a l  dur ing  microbio logica l  exposures 

t h e s e  specimens cannot be f u l l y  i n t e r p r e t e d  s i n c e  t h e  h i s t o r y  of handl ing  before  

being received a t  B a t t e l l e  was no t  known. 
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I n  conclus ion ,  of seventeen ex te rna l ly -app l i ed  s p a c e c r a f t  coa t ings  

eva lua ted  i n  e x t r a c t ,  p e t r i  p l a t e ,  high humidity, and s o i l  b u r i a l  experiments,  

none t o t a l l y  i n h i b i t e d  t h e  t e s t  organisms employed and few were h igh ly  r e s i s t a n t  

t o  mic rob ia l  d e t e r i o r a t i o n  under the  cond i t ions  of t h e  experiments conducted. 

The b e s t  of t h e  group were N-2 (varnish),N-9 (phenolic-butyrate),  and N - 1 2  

(polyimide) . 
n u t r i e n t  components i n  t h e i r  formulations t o  minimize mic rob ia l  growth o r  s u r v i v a l  

A l l  should be improved by microbiocide a d d i t i o n  o r  e l i m i n a t i o n  of . 
on coated s p a c e c r a f t  su r f aces .  By employing e i t h e r  approach, s p a c e c r a f t  s te r i l -  

i z a t i o n  procedures can be shortened w i t h  fewer adverse e f f e c t s  on h e a t - s e n s i t i v e  

components of s p a c e c r a f t  systems. Metal s u b s t r a t e s  ( s t a i n l e s s  s t ee l  and aluminum) 

and honeycomb m a t e r i a l s  should be f u r t h e r  i nves t iga t ed  t o  determine more p r e c i s e l y  

t h e i r  r o l e  i n  t h i s  s i t u a t i o n .  

The o v e r a l l  da t a  a r e  a good demonstration of  the va r i ed  responses  

t h a t  can be obta ined  from v e g e t a t i v e  and spore forms of t h e  same organism; of 

t h e  ind iv idua l  s p e c i e s  responses t h a t  can occur due t o  t h e  d i f f e r e n c e s  i n  

physiology and make-up of t h e  organisms inves t iga t ed ;  and of  t h e  e f f e c t  o f  

water-soluble n u t r i e n t s ,  s t imu lan t s ,  and i n h i b i t o r s  p re sen t  i n  coa t ings  and 

me ta l  s u b s t r a t e s .  The da ta  a l s o  i n d i c a t e  t h a t  a s i n g l e  experiment cannot be 

r e l i e d  upon f o r  judgements regard ing  the degree of mic rob ia l  s u r v i v a l  on o r  

d e t e r i o r a t i o n  of m a t e r i a l s .  

RECOMMENDAT IONS 

We recommend t h a t  NASA cons ider  t h e  following approaches t o  improving 

ex te rna l ly -app l i ed  s p a c e c r a f t  coa t ings  and r e l a t e d  m a t e r i a l s :  

(1) I n v e s t i g a t e  s u i t a b l e  microbiocidal  agents  f o r  i nco rpora t ion  
i n t o  s e l e c t e d  coa t ings .  
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(2) Encourage manufacturers t o  minimize water  e x t r a c t a b l e  
n u t r i e n t s  i n  cured coa t ings .  

(3) Encourage manufacturers t o  provide coa t ings  w i t h  smooth su r faces .  

( 4 )  I n v e s t i g a t e  means of minimizing water e x t r a c t a b l e  n u t r i e n t s  from 
metal  s u b s t r a t e s  and honeycomb m a t e r i a l s .  

(5) E s t a b l i s h  s p e c i f i c a t i o n s  f o r  coa t ings ,  s u b s t r a t e s ,  and honeycombs 
t h a t  r e q u i r e  a l l  of t h e  above. 

. 


